We report the development of a GaN-based green light-emitting diode ͑LED͒ with a selective area photonic crystal ͑SPC͒ structure, which was formed outside the p-bonding electrode on p-GaN. As a result, the optical output power of LEDs with SPC was enhanced by 78% compared to that without PC. In addition, the forward voltage, series resistance, and leakage current of LEDs with SPC were remarkably improved. These results show that the light extraction efficiency of green LEDs can be greatly increased using the SPC structure, with no degradation of electrical properties. © 2010 American Institute of Physics. ͓doi:10.1063/1.3454240͔ Gallium nitride ͑GaN͒-based light-emitting diodes ͑LEDs͒ have recently attracted considerable interest for use in outdoor full-color displays, traffic signals, backlight units in liquid crystal display, and solid-state lighting. However, though it has been reported that the internal quantum efficiency ͑IQE͒ of blue LEDs reaches more than 80% due to the rapid development of growth methods for high quality materials, the IQE of green is only 5%-10% due to the low crystal quality of the commonly used InGaN layer having a high In-content and a high piezoelectric field in InGaN/GaN multiple quantum wells ͑MQWs͒.
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1,2 Furthermore, conventional GaN-based LEDs suffer from limited light extraction due to the total internal refraction ͑TIR͒ of the light at the interface between GaN ͑refractive index: n = 2.4͒ and air ͑n=1͒.
3 In attempts to enhance this light extraction efficiency, methods such as surface texturing, 4-6 triangular chip design, 7 and photonic crystal ͑PC͒ structures [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have been investigated. Specifically, it was found that a PC structure formed by materials having a spatially periodic refractive index could efficiently couple light from the dielectricguided modes into air, and then be utilized to inhibit the emission of the guided modes or to redirect trapped light into the radiated modes. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] To date, the two-dimensional ͑2D͒ PC structures used to enhance light extraction efficiency have been directly formed in the p-GaN layer. [8] [9] [10] [11] [12] Typically, a plasma dry etching process is required to fabricate the periodic PC nanopattern in p-GaN but this process often results in damage to the p-GaN layer and sometimes even to the MQW. 18 Moreover, the dry etching process is believed to cause formation of surface defects such as vacancies, impurities, and residuals, that further degrade the electrical properties of p-GaN. [18] [19] [20] It was reported that high leakage currents caused by defects in GaN thin films formed by dry etching can also accelerate device degradation. In attempts to overcome these problems, Wierer et al. 8 introduced a tunnel junction structure for a photonic crystal LED ͑PCLED͒, and Kim et al. 10 proposed the use of an SiO 2 insulating layer under the thick p-contact metal, though the electrical properties of PCLED still degraded compared to those of the reference LEDs.
In this study, to reduce the degradation of electrical and optical properties in PCLEDs having high light extraction efficiency, we investigate the selective area PC ͑SPC͒ structure, where the PC pattern is selectively formed on p-GaN outside the area of the metal electrode.
To fabricate these PCLEDs, GaN-based green LEDs having a green emission at 525 nm were grown using metalorganic chemical vapor deposition ͑MOCVD͒ on a c-plane sapphire substrate. The LEDs consisted of the following layers: a 2 m thick Si-doped GaN layer, an MQW active layer consisting of five periods of undoped InGaN wells and undoped GaN barriers, and a 0.1 m thick Mg-doped p-GaN layer. A hole concentration of 3 ϫ 10 17 cm −3 was then obtained after thermally annealing the p-GaN. Next, the LEDs with SPC structures were fabricated using a nanoimprint lithography ͑NIL͒ process the stamp, which has the advantage of high throughput and a large area processing capability compared to e-beam lithography. 11, 12 Figure 1 illustrates the process for forming the SPC structure. A 200 nm thick SiO 2 layer was deposited on the p-GaN layer of a green LED wafer. By employing a thermal imprint-resist, mrI-8020 ͑Microresist technology GmbH͒ was used as the mask for Cr patterning. After completing the NIL process, the residual layer was removed by O 2 reactive ion etching ͑RIE͒ ͓Fig. 1͑a͔͒. Then, the p-GaN layer was etched with inductively coupled plasma ͑ICP͒ etching after the SiO 2 layer with its Cr mask was etched by RIE ͓Fig. 1͑b͔͒. Next, a SiO 2 mask was formed for the mesa process ͓Fig. 1͑c͔͒, and the mesa process for the n-bonding electrode was then executed by ICP etching using Cl 2 / CH 4 / H 2 / Ar gases ͓Fig. 1͑d͔͒. A thin Ni/Au film ͑5 nm/5 nm͒ was deposited on the p-GaN and annealed at 500°C in air ambient for 1 min to form a transparent conducting layer after the SiO 2 mask was removed using a buffered oxide etch ͑BOE͒ solution ͓Fig. 1͑e͔͒. Finally, a Cr/Au layer was deposited using electron-beam evaporation for use as n-and p-pad electrodes, respectively ͓Fig. 1͑f͔͒.
The square-lattice PC structure which has a large density of leaky modes 21 was fabricated. The fabrication of square-lattice 11 was much cheaper, easier, and faster compared to that of triangular lattices. The photonic band gap ͑PBG͒ was calculated using a simulation program based on the preconditioned conjugate-gradient plane-wave expansion method. [13] [14] [15] [16] To calculate PBG, we assumed an 80 nm thick GaN 2D PC slab surrounded by air. The hole 2D PC slab provides the PBG for the transverse-electric ͑TE͒-like polarization modes.
22 Fig. 2 depicts the normalized frequency ͑a / 2c = a / ͒ as a function of the ratio ͑r / a͒ for a PC structure. The figure also shows the band gaps for the TElike and TM-like modes. Note that this study is focused on the TE-like mode bands that are characterized by light propagating in parallel to the slab of LEDs ͑Ref. 13͒ since it has been reported that TE polarization is dominant in InGaN/ GaN MQW LEDs. 23 For an optimum 2D-PC structure in green LEDs, a frequency ͑a / ͒ of 0.63 and ratio ͑r / a͒ of 0.28 were used for the green light ͑ = 525 nm͒, as illustrated in Fig. 2 . Based on this information, the optimum radius ͑r͒ and lattice constant ͑a͒ of the air hole were estimated to be 92.6 nm and 330.8 nm, respectively. Figure 3 presents the scanning electron microscope ͑SEM͒ images of the SPC structure. Figure 3͑a͒ shows the Cr/ SiO 2 mask having a PC structure after the NIL process, which was selectively formed on the p-GaN emission area except for the n-and p-bonding metal regions in the LED with a size of 312ϫ 312 m 2 , as shown in Fig. 1͑f͒ . Figure  3͑b͒ is an SEM image of the selectively etched SiO 2 mask for the SPC pattern transfer after etching with RIE and removal of the Cr mask, as shown in Fig. 1͑b͒. Finally, Fig.  3͑c͒ shows the SPC pattern on p-GaN after etching with ICP and removal of the SiO 2 mask. The period ͑a͒ and hole radius ͑r͒ of the SPC were 328Ϯ 5 nm and 93Ϯ 7 nm, respectively.
To further investigate the effect of SPC on the optical and electrical properties of LEDs, LEDs with no PC ͑NPC͒, a full area PC ͑FPC͒ structure, and SPC on p-GaN were fabricated as shown in Figs. 4͑a͒-4͑c͒ , respectively. Figure 5͑a͒ shows the current-voltage ͑I-V͒ characteristics of LEDs with NPC, FPC, and SPC measured using a parameter analyzer ͑HP 4155A͒. The forward voltages of these LEDs were 3.7 V, 4.35 V, and 3.71 V, respectively, at an input current of 20 mA; the series resistances were estimated to be 15 ⍀, 18 ⍀, and 15 ⍀. The figure shows that the forward voltages and series resistances of LEDs with NPC and SPC showed very similar characteristics, whereas LEDs with FPC significantly degraded. This degradation is attributed to a decrease in current injection due to a surface defect produced by plasma etching on the current spreading layer. The inset in Fig. 5͑a͒ also shows that the leakage current of LEDs with FPC significantly increased compared to those with NPC and SPC. This result is presumably due to the plasma-etch induced defects, such as vacancies, impurities, and residuals that have also been reported to accelerate device degradation. 17, 18 Figs. 5͑b͒-5͑d͒ then show the electroluminescence emission images of LEDs with NPC, FPC, and SPC, respectively, at a low injection current of 1 mA. Note that the LEDs with SPC showed the brightest and most uniform emission among the three types of LEDs, which can be attributed to the light extraction efficiency that was enhanced by the PC effect without degrading the electrical properties of LEDs with SPC. These results indicate that the dry etching damage produced in p-GaN underneath the p-bonding metal is detrimental to the electrical characteristics of PCLEDs. Figure 5͑e͒ displays the light output-current ͑L-I͒ characteristics of green LEDs with NPC, FPC, and SPC. The optical output power of the green LEDs was measured using a 2 cm diameter calibrated Si-photodiode connected to an optical power meter on top of LED. The figure shows that the optical output power of LEDs with FPC increased by 29% and that of LED with SPC increased by 78%, compared to that of LEDs with NPC at a current of 20 mA, respectively. It can also be noted that the enhancement of optical output power of LEDs with SPC increased by 38% compared to that of LEDs with FPC. The enhancement of optical output power may be attributed to the change of coverage or thickness of Ni/Au layer on the PC structure. However, it was reported that the transmittance of Ni/Au ͑5nm/5nm͒ transparent oxide layer was 98% at the wavelength of 525 nm. 24 This indicates that the large enhancement of 78% of optical output power should be resulted from the PC effect.
In summary, we fabricated green LEDs with an SPC structure to investigate the roles of PC effect and current injection in the p-GaN layer of PCLEDs. The optical output power of an LED with an SPC was enhanced by 78% compared to that with an NPC structure, and showed no degradation of electrical properties. For high-extraction efficiency PCLEDs, it is very important to use such an SPC structure to limit the degradation of I-V characteristics by avoiding plasma etching damage in the p-GaN layer underneath the p-bonding pad to ensure effective current injection and current spreading in PCLEDs.
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